We show experimentally that the radiation generated in infrared-visible sum-frequency mixing at an airsilver interface can be greatly enhanced when the visible input beam excites a surface plasmon-polariton at the interface. With either a prism or a grating used to couple the visible radiation with the surface polariton, the sum-frequency-generation yield is observed to be enhanced by a factor of 10 2 for the prism and 10 4 for the grating for counterpropagating infrared and visible input beams. The result for the prism configuration can be simply understood in terms of the field enhancement associated with the surface polariton excited by the visible input beam. For the grating configuration there is an additional effect in that the nonlinear polarization at the sum frequency can also couple with a surface polariton. As a result the effective interaction length of the sum-frequency-mixing process is sizably increased. The experimental results are in good agreement with estimates based on this model.
INTRODUCTION
In recent years second-order nonlinear optical methods have found widespread application in the study of surfaces and interfaces. [1] [2] [3] Second-harmonic generation and sum-frequency generation (SFG) have been favored for this application. Because SFG is technically more complicated than second-harmonic generation, the latter technique is much more widely used than SFG. For the study of molecular monolayers, however, SFG offers considerable advantages because the nonlinear optical process can rather easily be made resonant. Apart from the ensuing signal enhancement, the nonlinear optical process then also becomes molecule specific. In the experiment this is realized by the nonlinear optical process being driven with tunable IR radiation in combination with fixed-frequency visible radiation. The frequency of the IR radiation is then tuned across various vibrational modes of the molecules that make up the monolayer. The resulting specificity is of importance when different molecular species are present in the monolayer or when the supporting substrate participates in the nonlinear mixing process. Metals provide an example of such substrates.
The flux of photons that is generated at the new frequency (either the second-harmonic frequency or the sum frequency) is small because nonlinear optical processes are usually highly inefficient. In addition, the radiation at the new frequency is, for monolayers, generated by a sample with essentially zero depth. Nevertheless, even at submonolayer coverages second-harmonic generation and SFG can yield a detectable signal. 4 Yet in many cases there is a real need for an increased photon flux, particularly in SFG employing low-frequency vibrational modes of molecules in an adsorbed layer. This is illustrated by the fact that the sum-frequency activity of such modes is often vanishingly small even though the highfrequency vibrational modes are easily seen by SFG. 5 Because of the risk of sample damage, the sumfrequency yield usually cannot be improved by increasing the flux density of the primary radiation. An attractive route is provided by methods in which the electromagnetic field at the sample interface is enhanced relative to the field of the incident radiation. Such enhancement occurs, for instance, in a total-internal-reflection geometry just beyond the angle for total internal reflection or in samples in which one excites a surface polariton. 6 Both these methods have been successfully employed in nonlinear optical experiments. [7] [8] [9] [10] [11] Whereas the total-internalreflection geometry is being applied in some instances to SFG from adsorbed monolayers, [8] [9] [10] [11] the possibilities of-fered by the application of surface polaritons to SFG of interfacial layers have remained unexplored until recently. There exists, however, a long-standing connection between surface polaritons and second-order nonlinear optical methods, since these provide an elegant mechanism to optically excite surface modes of dielectric crystals.
with K Ͼ /c. In the present case we employ surface waves propagating along the interface between vacuum and a metal at frequencies well below the metal's plasma frequency P .
wave along such an interface is called a surface plasmonpolariton (SPP). 
The propagation constant K and damping coefficient of the SPP can be written as
The dispersion relation of the SPP along such an interface is shown in Fig. 1 (solid curve) together with that of electromagnetic radiation in free space. The figure directly shows the wave-vector mismatch between a SPP and freespace radiation at the same frequency. Because of this mismatch some element is necessary to couple free-space radiation with a SPP at a metal-vacuum interface.
EXPERIMENTAL METHOD
The sum-frequency spectrometer that is used in the present experiment has been discussed in some detail in Refs. [17] [18] [19] . Briefly, wavelength tunable (5 Ͻ ir Ͻ 110 m) IR radiation from the FELIX free-electron laser 20 is mixed at the surface of a silver film with the output of a fixed-frequency ( vis ϭ523.5 nm) visible laser system. Both lasers generate bursts (Ϸ5 s long) of synchronized, short, powerful pulses that overlap temporally and spatially on the sample. In the present experiment FELIX delivers pulses of Ϸ1 ps in duration with an energy content of 2 J at a 1-GHz repetition rate while the visible laser yields pulses of Ϸ7 ps in duration with an energy of 4 J at a repetition rate of 250 MHz. Both laser beams are p polarized. The generated sum-frequency radiation is emitted as a collimated beam and is focused on a liquid-nitrogen-cooled CCD camera that serves as a detector. A narrow-band interference-filter set with a compound transmission of Ϸ50% at the sum frequency is used to suppress stray light at the visible input wavelength. In the experiment the IR wavelength is fixed at ir ϭ 10.0 m. We study SPP-aided SFG at the interface between air and a silver film with the SPP excited by the visible input radiation. The SPP becomes resonantly excited when the component of the wave vector of the incident visible radiation parallel to the interface matches the wave vector K vis of the SPP at that frequency. Two approaches are employed to realize this matching: a fused-silica prism in the Kretschmann configuration 21 and a grating structure in the silver film.
In both experiments involving prism and grating coupling the SFG yield is measured as a function of the angle of incidence of the visible input radiation. In addition, we measure the reflectivity of the sample as a function of this angle. The latter provides us with a measure of the efficiency of SPP excitation. 6 The angle subtended by the two input beams remains constant during all experiments. For the prism setup this angle is approximately 170°, and for the grating setup approximately 91°.
A. Surface-Plasmon-Polariton Excitation with Prism
For these measurements we employ a 90°fused-silica prism with a 50-nm-thick silver film on the hypotenuse (see Fig. 2 ). Wave-vector matching at the air-silver interface is achieved by our choosing the appropriate angle of incidence vis of the visible input radiation:
where n( vis ) is the refractive index of fused silica at frequency vis .
The infrared radiation comes in from the opposite side (see Fig. 2 ). The radiation at the sum frequency is emitted into the fused silica in a direction that is somewhat different from that of the specularly reflected visible input beam. The wave vector of the sum-frequency radiation has a component along the interface given by
where n( sfg ) is the refractive index of fused silica at the sum frequency and sfg the angle of emission of the generated sum-frequency radiation. The minus sign in Eq. (10) arises because the input fields are counterpropagating; in a copropagating configuration this becomes a plus sign.
B. Surface-Plasmon-Polariton Excitation with Grating
The substrate for this series of measurements is a flat glass plate containing the grating structure at its surface. The grating (groove period a ϭ 301 nm, groove depth 15-20 nm) is written by photolithographic techniques and subsequent ion etching. The substrate is overcoated with a 200-nm-thick silver film, made by thermal evaporation in a vacuum chamber.
To resonantly excite the SPP, the visible input beam has to come in at the proper angle of incidence in this case, also:
where N is the diffraction order. Here k x ( vis ) is the component of the wave vector of the visible input beam along the sample and k grating ϭ 2/a. With vis ϭ 523.5 nm, a polariton is excited when vis Ϸ 43.5°and N ϭ Ϫ1. The SPP is then counterpropagating with the visible input beam (see Fig. 2 ) and K vis ϭ k x ( vis ) Ϫ k grating . In the chosen geometry the SPP is then codirectional with the IR input beam. The nonlinear polarization at the sum frequency P (2) (r, t) is given by
where P (2) ( sfg ) is the nonlinear surface polarization of the air-metal interface. Its wave vector is given by
where k x ( ir ) is the component of the wave vector of the IR input radiation parallel to the interface. In the present configuration we have (see below) ͉k x NL ( sfg )͉ Ͼ sfg /c; hence this nonlinear polarization cannot radiate into free space. Sum-frequency radiation is, however, emitted in a direction determined by
i.e., exactly in the direction in which the sum-frequency radiation from a noncorrugated interface is emitted for counterpropagating input beams. There is thus a unique propagation direction of the sum-frequency radiation, whether or not the input beams overlap with the grating and one couples into the SPP. This makes a comparison between SPP-aided and non-SPP-aided SFG simple for a grating coupler because one can switch from one to the other simply by moving the sample relative to the input beams.
RESULTS AND DISCUSSION
The results for the prism configuration are shown in Fig.  3 . The dots represent the measured values of the sumfrequency yield from the air-silver interface as a function of the angle of incidence of the visible radiation. The squares show the quantity (1 Ϫ R), representing the fraction of the incident visible-beam energy that is coupled into the surface plasmon (R is the measured reflectivity of the sample). At resonance ( vis Ϸ 46.3°) this fraction reaches a maximum at a value equal to 0.72, indicating that a large fraction of the incident beam energy is coupled into the SPP. The variation of the sumfrequency yield and of (1 Ϫ R) with the angle of incidence have very similar shape, demonstrating that the increase of the sum-frequency response is really the result of the surface-plasmon excitation. Both resonances have a width of roughly 1°, a value that is characteristic for the response of a 50-nm-thick silver film when a wellcollimated beam at the visible input wavelength is employed. At resonance the sum-frequency yield is larger by approximately a factor of 100 as compared with the yield far off resonance. One can define a fieldenhancement factor for the surface polariton given by
where E SPP ( vis ) is the electric field strength associated with the polariton [see Eq. (1)] and E 0 ( vis ) is the field strength of the input radiation. For the Kretschmann configuration one calculates ␥ vis 2 Ϸ 100, 22, 23 in excellent agreement with the enhancement of the sum-frequency yield. Clearly, the observed increase in the sumfrequency yield can be explained in terms of the enhancement of the visible input field.
With grating excitation of the SPP the sum-frequency yield off the air-silver interface is considerably larger than that obtained in the prism configuration.
14 For various gratings with slightly different grating parameters we find the SFG yield to be increased by a factor of 10 3 -10 4 . Here the enhancement factor is found by comparing the SPP-aided SFG yield with the yield obtained away from the grating. We ascertained that all of the enhancement is SPP induced by performing a measurement in which the wave vector of the grating is aligned perpendicular to the plane of incidence. In this configurationwhich usually does not lead to excitation of an SPP (see, however, Ref. 24)-the sum-frequency yield is not enhanced. The fact that this yield is almost exactly equal to that found when the input beams do not overlap with the grating indicates that the surface roughness of the grating does not give rise to signal enhancement.
The field enhancement of the visible input field for the grating configuration can be simply expressed in terms of The experimental enhancement factor thus cannot be understood only in terms of the increase of the visible input field and, consequently, of the driving nonlinear polarization at the sum frequency. This is not surprising in view of the fact that this nonlinear polarization cannot radiate directly into free space, as mentioned earlier. To substantiate the latter statement, we calculate the relevant wave vectors [see Eqs. (7) and (14) The wave equation for the field at the sum-frequency, however, has a solution in the form of a surface polariton. These solutions to the wave equation are known to have increased field strength, displaying resonant enhancement when there is wave vector matching between the surface polariton at the sum frequency and the driving nonlinear polarization. 7, 27 The propagation constant of the polariton at the sum frequency can be written as
where K sfg and sfg are calculated from Eqs (7) and (8), given the value of ⑀ b ( sfg ). In general there is a mismatch ⌬k( sfg ) ϵ ͉K sfg Ϫ k x NL ( sfg )͉ between the wave vector K sfg of the polariton at the sum frequency and the wave vector of the driving nonlinear polarization k x NL ( sfg ), limiting the resonant enhancement. The generation of a surface polariton at the sum frequency by the nonlinear surface polarization is very similar to SFG in the bulk or in waveguides for the case in which the propagation vectors of the driving nonlinear polarization and of the generated field point in exactly the same direction. This situation gives rise to coherent buildup of the field at the sum frequency over a length equal to the coherence length,
with ⌬k( sfg ) the phase mismatch and sfg the fieldattenuation coefficient of the surface polariton at the sum frequency. To quantify the sum-frequency yield in the present configuration, as compared with that in which none of the input beams couples with a surface polariton, one has to take three factors into account. First, the field enhancement ␥ vis of Eq. (19) leads directly to an equally large enhancement of the driving nonlinear surface polarization. Second, this nonlinear surface polarization excites a surface polariton, resulting in a very large increase of the effective generation length. This factor equals l c /⌬, where l c is the coherence length and ⌬ the effective thickness (Ͻ1 nm) of the layer in the metal 28 that contributes to the sum-frequency response. Third, one has to take into account the spatial overlap between the field that is to be generated and the nonlinear surface polarization. 27 Because the nonlinear surface polarization is confined to a layer that is very thin compared with the spatial extent (␣ a sfg ) Ϫ1 of the SPP, this overlap is rather small, yielding a factor of order ␣ a sfg ⌬. Taking everything together, we estimate the sum-frequency yield to be increased by a factor
This estimate for the gain factor G is in satisfactory agreement with the values found in the experiment, the more so in view of the approximations that have been made. For instance, the processes of SPP incoupling and outcoupling, damping, and the nonlinear generation process are discussed as separate phenomena. In reality, of course, all these processes take place simultaneously. Obviously, this has to be taken into account when the en- hancement factor is calculated more quantitatively. Of particular importance here is the question of whether the outcoupling does not destroy the coherent buildup of the sum-frequency field.
The values of the parameters all apply to an angle of incidence for which the surface polariton at the visible input frequency is optimally excited ( vis ϭ 43.5°). At this angle the wave-vector mismatch ⌬k( sfg ) is rather large. When the sample is rotated in such a way that the angle of incidence is modified, the coupling with the surface polariton at the visible input frequency deteriorates. However, the wave-vector mismatch at the sum frequency ⌬k( sfg ) may become smaller in the process, thereby improving the nonlinear generation process. This is actually the case here, as is shown in Fig. 4 . Here the dashed-dotted curve shows the excitation probability (basically ␥ vis 2 ) of the SPP at the visible input wavelength as a function of vis ; it peaks at vis ϭ 43.5°and has a width determined by
vis . The dashed curve shows the variation of the efficiency of the nonlinear generation process that is due to the coupling with the SPP at the sum frequency for a given nonlinear surface polarization (basically l c 2 ). The SFG enhancement factor is given by the product of these two factors [see Eq. (22)]; it is displayed as the solid curve in Fig. 4 . The latter is scaled to the experimental data for the SFG yield, shown as dots. The agreement between the solid curve and the experimental data is excellent, which shows that the enhancement factor is well understood.
With the grating coupler we also used a copropagating arrangement of the input beams (in contrast to the experiment discussed above). In the copropagating setup we find the sum-frequency yield to be enhanced by a factor of the order of 100 under optimal coupling conditions. In this configuration the wave-vector mismatch ⌬k( sfg ) at optimal incoupling is substantially larger than that for the counterpropagating setup (see Fig. 5 ). When the sample is oriented such that the wave-vector mismatch vanishes, the visible input radiation can no longer couple efficiently with a SPP. Therefore only a single enhancement factor comes into play for the grating coupler in a copropagating configuration.
The situation is quite similar for the prism coupler, except that the role of the copropagating and counterpropagating geometries are interchanged. For the counterpropagating geometry we find, as discussed above, that field enhancement of the input wave is all that comes into play. Coherent buildup of the sum-frequency field is precluded because
The nonlinear polarization can directly radiate into the prism. In a copropagating arrangement k x NL ( sfg ) ϭ K vis ϩ k x ( ir ) and k x NL ( sfg ) Ͼ n( sfg ) sfg /c. The nonlinear polarization cannot radiate into free space and has to couple with a SPP at the sum frequency. Hence for a prism coupler in a copropagating setup one expects an enhancement of the sumfrequency yield similar to that attained with the grating in a counterpropagating configuration. We have been able to confirm this experimentally. It has, however, not been possible to record the full angular dependence of the sum-frequency yield for the prism coupler in a copropagating arrangement of input beams because the radiation at the sum-frequency is not easily separated from that of the reflected visible input beam (for ir ϭ 10.0 m).
CONCLUSIONS
In this study of visible-SPP-assisted infrared-visible sum-frequency generation we have shown that, without great effort, the sum-frequency yield can be enormously enhanced. In configurations involving prism and grating coupling with counterpropagating input beams we have achieved an increase of the sum-frequency response by 2-4 orders of magnitude. The 2 orders of magnitude, observed in the experiment with the prism coupler, are explained in terms of the field-enhancement associated with the concentrating effect that is due to the excitation of a surface polariton. To explain the even larger effects associated with the employed grating configuration, an additional mechanism is invoked. It involves coupling with a surface polariton at the sum frequency, giving rise to a substantial increase of the effective interaction length of the nonlinear optical process. We have also shown that for a copropagating arrangement of the input beams similar enhancement factors are found. In that case the enhancement factor is largest for the prism coupler.
Because of the orders-of-magnitude increase in signal yield, SPP-aided SFG holds great promise for sumfrequency spectroscopy of overlayers on top of metals. 29 An additional appealing aspect is that the SPP enhance- Vol. 16, No. 7 / July 1999 / J. Opt. Soc. Am. Bment combines well with the self-dispersive method for sum-frequency spectroscopy. 18, 19 
